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ABSTRACT
ACO 1703 is a cluster recently found to have a variety of strongly lensed
objects: there is a quintuply-imaged system at z = 0.888 and several other lensed
objects from z = 2.2 to 3.0 (the cluster itself is at z = 0.28). It is not difficult
to model the lens, as previous work has already done. However, lens models are
generically non-unique. We generate ensembles of models to explore the non-
uniqueness. When the full range of source redshifts is included, all models are
close to ρ ∝ r−1 out to 200 kpc. But if the quint is omitted, both shallower
and steeper models (e.g., ρ ∝ r−2) are possible. The reason is that the redshift
contrast between the quint and the other sources gives a good measurement of
the enclosed mass at two different radii, thus providing a good estimate of the
mass profile in between. This result supports universal profiles and explains
why single-model approaches can give conflicting results. The mass map itself is
elongated in the NW-SE direction, like the galaxy distribution. An overdensity
in both mass and light is also apparent to the SE, which suggests meso-structure.
Subject headings: gravitational lensing — galaxies: clusters: general
1. Introduction
An important prediction of hierarchical clustering of cold dark matter is a universal
profile for halos. Universal profiles were originally indicated by cosmological simulations
(Navarro et al. 1997; Moore et al. 1998) but more recently phenomenological models have also
produced them (e.g., Austin et al. 2005; Lu et al. 2006), as have more specialized simulations
(MacMillan et al. 2006). The precise form of a universal profile and the expected variation
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from halo to halo are still being debated; Merritt et al. (2006) discuss some competing
parametrizations. A further complication arises in that infalling baryons would steepen
the dark-matter profile somewhat (adiabatic contraction), but in large clusters this effect is
expected to be small exterior to ∼ 20 kpc (Gnedin et al. 2004). There is general agreement
that in the inner regions of clusters the dark matter profile would have ρ ∼ r−1 to −1.4
(Diemand et al. 2004).
Lensing is an obvious way to measure the profiles of clusters, and in this paper we will
address specifically multiple-image (i.e., “strong”) lensing. Weak lensing by outer regions of
clusters is also of interest (for a recent example, see Heymans et al. 2008). Other possibilities
are to use generalized virial theorems and the kinematics of cluster galaxies ( Lokas et al.
2006), or hydrostatic equilibrium of x-ray gas (Lemze et al. 2008). Combinations of these
approaches are also possible.
Extracting a mass profile from lensing is not trivial, however. The reason is that lensing
depends on integrated mass. For example, the light deflection near the Sun 4GM/(c2R) =
1.75′′ says nothing about the mass profile of the Sun. Similarly, a single Einstein ring mea-
sures only the mass enclosed within a cylinder. Having two or more images at different radii
provides some more information, but is still not sufficient to specify the mass profile, because
it is possible to redistribute the mass in a way that leaves the image configuration invariant
(steepness degeneracy). Much more information becomes available if the background sources
are at different distances behind the lens. Light from further sources experiences a larger
effective lensing deflection and hence a larger Einstein radius. Multiple Einstein radii, result-
ing from multiple source redshifts or “redshift contrast”, measure the mass within multiple
cylinders, thus providing a robust constraint on the mass profile. ACO 1703 turns out to be
a striking example of this type of constraint.
The non-uniqueness of mass models that fit a given set of observables has been much
studied in lensing theory. The steepness degeneracy was discovered by Falco et al. (1985), and
then rediscovered multiple times; Saha (2000) gives a short history of these (re)discoveries,
and a unified picture of degeneracies then known. Further degeneracies continue to be
uncovered from theory (Liesenborgs et al. 2008).
But in practice, lensing degeneracies are most likely to be noticed in the modeling
process, when different kinds of models are tried out. Kochanek (1991) was the first to try a
range of models and distinguish robust features from model-dependent features. Subsequent
work found parameter degeneracies appearing in models in many different ways (Wambsganss
& Paczynski 1994; Bernstein & Fischer 1999; Trotter et al. 2000). Recently Sand et al. (2008)
report non-uniqueness in models of clusters.
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Faced with the non-uniqueness of models, three strategies are possible.
1. One could justify the model-type being fit from astrophysical arguments, and then
assume it is correct. This approach goes back to the first models of the first two
known lenses (Young et al. 1981a,b). With the benefit of hindsight, we find that these
pioneering models inferred correctly that the “triple-quasar” was really a quad, but
predicted time delays for the double quasar several times too long.
2. One could try and introduce new information such as stellar kinematics or x-rays, as
indeed Young et al. (1981b) advocated, to reduce model-dependence in the results.
Czoske et al. (2008) is a recent example.
3. One can explore model degeneracies and quantify uncertainties by generating large
ensembles of models, thereby also identifying the best-constrained systems.
With this background in mind, the recent discovery by Limousin et al. (2008) of 13
different multiple-image systems in ACO 1703 is very exciting. Though not a well-known
cluster, ACO 1703 is a strong x-ray source (Allen et al. 1992) and hence a natural place to
search for lensing. For modeling, the authors adopted strategy 1 above, and their model is
a generalized NFW profile, having
ρ =
ρ0(
r
rs
)α (
1 + r
rs
)3−α (1)
where r is an elliptical radius. The normalization ρ0 is defined indirectly in terms of the
concentration c, such that the average density within r = crs is 200 times the critical
cosmological density. The models give α ' 1.1, rs ' 170′′ or ' 700 kpc, and c ' 3.
These results appear to verify the prediction of a universal profile, but they also raise some
questions: (i) Is the model an acceptable fit to the data, according to a χ2 or other goodness-
of-fit test? (ii) Can other, very different, models provide equally good fits? (iii) What do
the fitted values of rs and c really mean, when the data go out to only ∼ 50′′ (∼ 200 kpc)?
In this paper we analyze the same multiple-image data following strategy 3. The tech-
nique is basically the same as in our previous work on the inner profiles of J1004+411 and
ACO 1689 (Saha et al. 2006). But in this work we study more carefully just where the
constraints come from.
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2. Modeling the cluster
2.1. The image configurations
Of the 13 multiply-imaged background objects, making a total of 42 lensed images
identified by Limousin et al. (2008), some sources are probably groups of galaxies, leading
to similar image systems. Of completely independent sources, there are at least six. Their
image configurations are typical of cluster lenses, and can be summarized as follows.
• The quint. A five-image system (1 in the numbering system of Limousin et al. 2008)
with a spectroscopic redshift z = 0.888. The morphology is like the well-studied galaxy
lens J0911+055, except that the fifth image (which in galaxy lenses is almost never
observable) is here distinctly present.
• The central quads. Two four-image systems (15, 16), resulting from a two-component
source. This configuration is common in galaxy lenses.
• The incipient quint. One two-image system (2), probably two-nearly merging images
of a quint. The well-known galaxy lens PG1115+080 would look like this, if we knew
only the two brightest images in that lens.
• The northern lemniscates. Three three-image systems (7, 8, 9), again from a multi-
component source, with a typical naked-cusp or lemniscate configuration. This type
of image configuration requires a strong quadrupole in the lens potential and is not
shown by galaxy lenses, but is common in cluster lenses.
• The southern lemniscates. Two three-image systems (10, 11) with morphology similar
to the northern lemniscates.
• The northern long arcs. Two three-image system (4, 5) which could also be lemniscates,
but where modelling suggests further incipient images.
For two systems (nos. 3 and 6) in Limousin et al. (2008), the image configurations (that
is, image parities, time ordering, etc.) are less clear, though both are somewhat similar to
the northern lemniscates. For this reason, we do not consider these two image systems in
this paper. However, model ensembles that do include these systems, with plausible image
parities and time ordering, agree with the results presented here within quoted uncertainties.
Many more candidate lensed objects are evident in the cluster image, and it seems likely
that several more lensed systems in this cluster will be identified in the future.
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Fig. 1 conveniently summarizes the image configurations, with the help of a very simple
model: a cored isothermal sphere with external shear. Such a model can roughly reproduce
the image positions, except that the relative sizes of the image systems are incorrect. In
particular, Fig. 1 gives roughly the same size for the quint and the quad, whereas the real
quint is much smaller than the quad. The reason is that the source redshift is much smaller
for the quint than the quad, and this fact becomes significant below.
2.2. The modeling method
We model the cluster using the PixeLens method. The technique is described in detail
in Coles (2008), and involves two ideas. (Neither of these is unique to PixeLens, though the
combination is.)
1. Instead of being cast as a parameter-fitting problem, lens reconstruction is formulated
as an inversion problem. The image data are treated as constraints on the mass
distribution. For example, the five images of the quint are required to map to a common
source position. Astrometric errors are assumed negligible. (Hence the goodness-of-fit
problem does not appear, as the mass map is required to fit the image data precisely.)
In addition, a mass map is required to satisfy some prior constraints. Specifically, in
this work we require that (i) the mass distribution must be non-negative everywhere,
(ii) the local density gradient must point within 60◦ of the direction to the brightest
cluster galaxy, and (iii) no pixel other than the central pixel can be higher than twice
the sum of its neighbors.
2. Rather than a single model or a few models, an ensemble of 100 models is generated,
which automatically explores degeneracies and provides uncertainties. If a single model
is desired for illustration, the ensemble-average model can be used; this model is in
Bayesian terms the expectation over the posterior.
Formulation of mass reconstruction in strong lensing as an inversion problem was in-
troduced by Saha & Williams (1997) and extended to combined strong and weak lensing
(Abdelsalam et al. 1998; Saha et al. 2001). These works used a form of regularization to find
a single model consistent with the data and optimal according to some criterion (for example,
minimal variation of M/L). Varying the regularization gave some idea of the uncertainties.
The basic scheme has been adapted in different ways, (e.g., Bradacˇ et al. 2005; Deb et al.
2008; Coe et al. 2008). An interesting new idea comes from Liesenborgs et al. (2007) who
incorporate a constraint that additional bright images are not produced.
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The technique of generating ensembles of models to explore degeneracies and estimate
uncertainties (no regularization is involved) was introduced in Williams & Saha (2000) and
later packaged in PixeLens (Saha & Williams 2004), although a theoretical justification for
the precise model-sampling strategy was not available until Coles (2008). Other kinds of
model ensembles, involving parametric models, have also been used (Keeton & Winn 2003;
Oguri et al. 2004).
2.3. Model ensembles for ACO 1703
We now model ACO 1703 from the lensing data, considering two cases in detail: first
with all the image systems discussed above included, and then with the quint excluded.
The possible models in the ‘with-quint’ case are naturally a subset of the possibilities in the
‘no-quint’ case. Figs. 2 to 4 show some results from the ensemble-average models.
Fig. 2 shows the ensemble-average mass maps for the two cases. Fig. 3 shows the
morphologies in the PixeLens models; the with-quint case is shown, but the no-quint case is
similar (apart from the quint itself). Then Fig. 4 compares the critical curves for the quint
and one of the quads—these are the first and second objects shown in Fig. 3.
Qualitatively, we see that the cluster is similar to the simple model illustrated in Fig. 1,
provided we take 11 o’clock in Fig. 1 as ‘north’. The arrival-time contours for the PixeLens
models are like those of the simple model, as are the image configurations. The long axis
of the lens is oriented perpendicular to the long direction of the quint in both cases. The
critical curves are also similar, although the PixeLens curves are jagged because of pixelation.
(The arrival-time contours are not jagged because they depend on integrals over the mass
distribution and hence are smoother.) Clearly, these qualitative features depend only on the
image identification and would appear in all models.
But of course, examining the PixeLens models in detail reveals many more features.
First, we see in Fig. 2 that the with-quint and no-quint models look similar but the latter
look slightly shallower. This is only true of the ensemble average; as we will see below,
the no-quint ensemble contains a much larger variation of models, including steeper and
shallower models than the with-quint ensemble. A second feature is that in Fig. 2 the mass
contours seem to trace out the distribution of galaxies. (Recall that no information about
the cluster galaxies, except the location of the brightest galaxy, was used in the modeling.)
This suggests meso-structure, or extended dark-matter structure correlated with galaxies,
similar to J1004+411 and ACO 1689 (Saha et al. 2007). We will not attempt to analyze
this possible meso-structure in the present paper, but we will see some further indications
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below. A third feature is that the quint is smaller than other image systems. In Fig. 3 the
quint is shown zoomed to make it comparable to the others in size, while in Fig. 4 we see
that the quint has smaller critical curves. This is all simply because the quint has a smaller
source redshift, and hence a smaller DLS/DS, resulting in a smaller Einstein radius. Thus,
as a consequence of what we may call the redshift contrast between the quint and other
sources, we have distinct Einstein radii within which the enclosed mass is well-measured.
This enables a good estimate of the steepness of the mass profile, as we see below.
3. Source-redshift contrast and the inner slope
We now specialize to the radial profiles, but unlike the previous section we take the
ensemble-derived uncertainties into account.
3.1. Deprojecting the mass map
From the mass map we now take the circular average to obtain Σ(R), and then deproject
to derive ρ(r) by numerically solving the usual Abel integral equation. Appendix A gives
details and tests of the deprojection method.
Fig. 5 shows Σ(R) and ρ(r) for ACO 1703 with 68% and 99% confidence intervals, when
the cluster is reconstructed with and without the quint. Notice what a difference the quint
makes: without the quint, the mass profile between the innermost and outermost images
could be like r−1, but it could also be like r−2 within the uncertainties; when the quint is
included, ρ(r) is inferred as close to ∝ r−1.
Note that to arrive at the conclusion that the redshift constrast reduces the available
‘model-space’, the model-ensemble strategy is essential. Within the paradigm of a single
best-fit model, one cannot formulate such a conclusion. However, a single-model strategy
may still provide a hint; Limousin et al. (2008) found that the slope of their best-fit model
was sensitive to the redshift of the quint, and this seems to be such a hint. We emphasise
that redshift contrast does not act simply by increasing the radius range. Disregarding the
three innermost images of the quint gives a radius range almost identical to the no-quint
case, but still adds a redshift contrast. In this case the uncertainties within the image region
still shrink dramatically, as with the full quint data.
The spherically averaged density profile ρ(r) in Fig. 5 also shows a ‘shelf’ (a shallowing
of the log-slope) for r ∼ 100 kpc. This radius corresponds to the possible meso-structure,
which we have suggested above is indicated by Fig. 2. Tests (cf. Appendix A) show that
– 8 –
deprojection of substructure will lead to a shelf or even a bump in ρ(r).
It is possible to fit the spherically averaged density using the NFW-like form (1), and
values like α = 1, rs = 500 kpc, c = 4 (such as Limousin et al. 2008, derive) are plausible
within the uncertainties. Formal least-squares parameter fits can be carried out, but are
not always meaningful, because they involve the tacit assumptions that the radial bins are
uncorrelated, and standard deviation over the model ensemble represent Gaussian disper-
sions, both of which are poor approximations. With this caveat in mind, the formal best fit
to the region between the innermost and the outermost images gives α = 0.95 ± 0.17, but
the scale radius rs and concentration c are unrealistic. (The models ensemble without the
quint gives α = 0.5±0.5, with the formal uncertainty increasing to ±1.5 at 99% confidence.)
We find systematically different parameters depending on whether the radius range with
meso-structure is included in the fit: excluding the meso-structure gives α = 1.22 ± 0.48.
We find smaller errors if we put priors on the scale length rs (as in Limousin et al. 2008),
but then the best fit simply chooses the largest possible scale length.
It is easy to see why the derived rs is so unstable. To infer rs and c from data interior
to rs, one would have to accurately measure the gradual steepening of ρ(r). But in Fig. 5,
we see that in the well-constrained region, ρ(r) is probably getting shallower rather than
steeper. In other words, in these data meso-structure is a stronger effect than scale radius
and concentration.
It is interesting to ask whether the above meso structure can be explained simply by
the dark matter associated with visible galaxies in the cluster. There are five galaxies at
a projected distance of ∼ 100 kpc that could contribute. Four lie to the south east of the
cD galaxy; one to the north. We obtain a rather crude estimate of the total mass in the
meso-structure by subtracting the cumulative mass of the best fit equation 1 for r < 100 kpc
from the cumulative mass of the ensemble average, and measuring the residual over the range
100 kpc< r <150 kpc. This gives Mmeso = 7 × 1012M, which implies an average mass per
galaxy of ∼ 1.4× 1012M. This indicates that all the mass in the meso-structure could be
associated with visible galaxies (as the model of Limousin et al. 2008, assumes) but does not
require it. Whether associated with the visible galaxies or not, however, the meso-structure
must be a transient phenomenon. There are four cases of interest. The meso-structure could
be several galaxies or one large group, or it could be viewed in projection, or really lie at
∼ 100 kpc. If projected along the line of sight, then it is transient because it must rapidly
move to larger projected radius. If it is really at ∼ 100 kpc then, at the inferred densities of
a few times 106M kpc
−3, the crossing time is ∼ 0.2 Gyrs. If the meso structure is comprised
of individual galaxies, these will rapidly phase mix; if instead the meso-structure is a large
group then it will be rapidly tidally stripped, since its density is significantly lower than
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that of the main cluster (see e.g., Read et al. 2006). In all cases, the meso-structure will be
transient.
3.2. Towards direct comparison of lenses and simulated clusters
While an inferred inner profile of ∼ r−1 provides some evidence in favor of universal
profiles, it is desirable to be able to compare lens reconstructions with theory and simu-
lations more directly. Ideally, the comparison would involve quantities clearly related to
the cluster-formation process. Failing that, one would like to compare quantities that are
well-constrained by the observations. Current parameterizations do not achieve either of
these.
With this in mind, let us consider the lensing deflection for a source at infinity, as a
function of projected radius
α(R) =
4GM(R)
c2R
. (2)
Here M(R) is the mass within a circle of projected radius R. The deflection angle can also be
expressed in velocity units: if we write σ2(R) = c2α(R)/(4pi) then for an isothermal sphere
σ will be the velocity dispersion.
While α(R) has no obvious connection to the formation process, comparing ‘bending-
angle curves’ for galaxy and cluster simulations (see Fig. 6) indicates a clear qualitative
difference: for a galaxy α(R) tends to rise steeply at first and then stay flat over an extended
range, whereas for a cluster α(R) tends to rise and then gradually turn over. This is just
another way of stating that galaxies tend to have ∼ r−2 profiles and flat rotation curves,
whereas clusters tend to have shallower profiles and rising rotation curves. Put in still
another way, galaxies have higher concentration than clusters.
In lensing, α is the quantity best constrained. Fig. 7 shows α(R) for ACO 1703, recon-
structed with and without the quint. Also shown is what we may call the critical bending
angle
αcrit(R) =
DS
DLS
R
DL
. (3)
An intersection
α(RE) = αcrit(RE) (4)
corresponds to an Einstein ring. Strictly speaking, the Einstein radius is only defined for a
perfectly circular lens, but it is useful to take (4) as a working definition of RE.
From Fig. 7 it is clear that all the sources except the quint have a very similar RE,
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whereas for the quint RE is significantly less. This tightly constrains M(R) at two different
radii, and is the reason for the constraint on the profile. Without the redshift contrast
provided by the quint, the profile becomes much more uncertain, and even isothermal-type
profiles are marginally permitted.
It is interesting to note that the shallower the profile, the more RE depends on the
source redshift. This can be inferred from Fig. 7: for shallower profiles, M(R) and hence
α(R) would rise more steeply, and hence the intersections with the αcrit lines would get more
widely spaced.
In particular, we see α(R) curve and the αcrit lines intersecting at R ' 125 kpc for
the high-redshift sources and at R ' 75 kpc for the quint. Had the α(R) curve been
constant at the α(R = 125 kpc) value, the αcrit line for the quint would have intersected it
at R ' 100 kpc. We may say that the characteristic size of the quint is 60% that of the
other systems, whereas for an isothermal lens we would expect it to be 80% the size. Thus
the simple observation that the quad is much larger than the quint is already an indicator
that the profile is shallow.
More formally, let us denote the ratio DLS/DS by f , and suppose that M(R) mass
varies in some range of R as Rβ. Substituting in Eqs. (2–4) it follows that
d lnRE
d ln f
=
1
2− β . (5)
The point-mass case (β = 0) has the weakest dependence on the redshift contrast, while a
constant-density sheet (β = 2) becomes infinitely sensitive. An isothermal lens has β = 1,
and inner clusters are expected to locally have β > 1, and hence a small change in DLS/Ds
implies a larger change in RE.
4. Discussion
This paper has been an analysis of the multiple-image lensing systems reported by
Limousin et al. (2008) in the cluster ACO 1703, and comparison of the inner profile with
what hierarchical structure formation predicts. The main conclusions are as follows.
1. It is easy to model the lens, and in simple qualitative features all models will agree.
But models are highly non-unique in important details. Readers of the online version
can explore models interactively: see Appendix B.
2. Robust constraints can, however, be derived from ensembles of models. We find the in-
ner profile is well constrained and supports the prediction of universal profiles. Similar
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work earlier on the clusters SDSS J1004+411 and ACO 1689 led to the same conclusion
(Saha et al. 2006).
3. It is possible to identify where the inner-slope constraint comes from. Behind the
cluster at z = 0.28 there is on the one hand a source at z = 0.888 lensed into a quint,
and on the other hand several sources at z from 2.2 to 3.0 that are variously multiply-
imaged. The redshift contrast between the quint and the other sources is responsible
for the inner-slope constraint. Without the quint, any constraint on the inner slope
would have been much weaker, and even an isothermal-type profile would fit.
4. The projected-density contours (see Fig. 2) correlate with the cluster galaxies. Since
the mass involved is much more than the stellar mass of the galaxies, this suggests
meso-structure, i.e., extended dark-matter substructure correlated with galaxies.
These results raise a further question: How can one most effectively compare a recon-
structed lensing cluster with simulations and/or phenomenological models for structure? A
non-parametric test would be very welcome. We suggest that the deflection angle (and specif-
ically its redshift dependence) may form the basis for such a test. In particular, we note that
the shallower the lensing profile, the more sensitive the lensed images are to source-redshift
contrast.
We thank Andrea Maccio` for providing the N -body and hydro models used for compar-
isons and tests, John Stott for providing a composite image of the cluster, Liliya Williams for
comments on the manuscript, and the referee, Dan Coe, for many useful recommendations.
A. Deprojection of the density profile
To derive the projected density ρ(r) shown in Fig. 2 we first computed the circularly-
averaged Σ(R) from the lensing mass map and then applied an Abel deprojection
ρ(r) = − 1
pi
∫ ∞
r
dΣ(R)
dR
dR√
R2 − r2 . (A1)
To evaluate the numerical derivative and then the integral, we linearly interpolate Σ(R) up
to the R of the outermost image. For the contribution beyond the outermost image, we
assume Σ ∝ R−2. This makes the total mass formally divergent, but that is harmless for the
region of interest. In fact, as noted in our earlier work (Saha et al. 2006; Read et al. 2007)
and also by Broadhurst & Barkana (2008), the inferred ρ(r) is very insensitive to Σ(R) for
R r, as long as Σ is asymptotically steeper than R−1.
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Since we have an ensemble of models, we automatically derive uncertainties. Previously,
we deprojected the maximum and minimum of an uncertainty band in Σ(R) and showed the
result as an uncertainty band in ρ(r). This caused a problem in that the upper and lower
range of ρ(r) could switch, giving the illusion of zero uncertainty at certain r (see the right
panels of Fig. 1 in Saha et al. 2006). Here we deproject each Σ(R) profile from the model
ensemble separately, and then derive an uncertainty band in ρ(r). At any r, the band
represents the uncertainty at that r, marginalized over all the other radial bins.
The above procedure assumes spherical symmetry and a possible concern is that this may
introduce a large systematic error if the cluster is significantly non-spherical, as ACO 1703
evidently is. To test for this, we projected and then deprojected (using the above method)
14 triaxial cluster halos taken from a cosmological N -body simulation. In Fig. 8 we show
the worst example — where the cluster is really two merging clusters. We see that if the
substructure is evident in the projection, the spherically-averaged ρ(r) is mostly recovered
to within the claimed uncertainties in the real cluster. The secondary cluster appears as
a shelf ρ(r) when it is actually a bump. The worst-case scenario is when the system is
projected ‘along the barrel’ such that it appears spherical. In this case, the inferred ρ(r) is
overestimated by a about a factor of two.
To summarize, the errors in the deprojection are generally smaller than the uncertainty
from lensing, except in the case where a major substructure is hidden along the line of sight.
B. Online modeling
The online version of this paper includes the PixeLens modeling program as a Java
applet. Readers can model the lens interactively within a web browser. The example input
uses lower resolution than the paper, and a subset of the image systems (in fact, the six
systems illustrated in Figure 3), but still enables one to verify the significance of redshift
contrast. The input can be edited online, and additional data typed or pasted in.
The input syntax is as described in Saha & Williams (2004) but with one important
new feature, namely multiple source redshifts. An M -image lens system with source redshift
zS is input as
multi M zS
x1 y1 p1
. . .
xM yM pM
where (xi, yi) are the image positions and pi encode the image types (1 for a mininum, 2
for a saddle point, 3 for a maximum). Coles (2008) describes recent developments of the
– 13 –
modeling technique, including parallelism.
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Fig. 1.— Qualitative summary of the image systems, using a very simple lens model.
The model is a cored isothermal sphere with external shear, the lens potential being
ψ(θ
⇀
) =
(
θ2x + θ
2
y + θ
2
c
) 1
2 + 1
2
γ(θ2x − θ2y)
with θc = 0.1 and γ = 0.3.
The top row of panels corresponds to the quint, followed by the quad, the incipient quint,
and the northern lemniscate. (The southern lemniscate and the northern long arc are qual-
itatively similar to the northern lemniscate.) In each row, the left panel shows the source
position and the caustics, the middle panel shows the image positions and the critical curves,
while the right panel shows the image positions and arrival-time contours. The scales are
not all the same, but in all panels the distance between ticks is 0.1 in model units.
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Fig. 2.— Mass reconstruction of ACO 1703, superimposed on an optical image of the cluster
(Stott 2007). North is up and East to the left. The two panels correspond to all image
systems included (left panel) and quint excluded (right panel). Gray filled circles show
image positions. Contours refer to the ensemble-average PixeLens mass model. These are
labelled in units of the critical density for sources at infinity, or 3.4× 1010M/arcsec2. The
distance scale is 4.2 kpc/arcsec. Note the overdensities in both mass and light, especially to
the SE.
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Fig. 3.— Arrival-time contours for six of the multiple-image systems in the ensemble-average
model (left panel of Fig. 2). The panels, in reading order, refer to the quint (1 in the
numbering system of Limousin et al. 2008), a quad (16), the incipient quint (2), a northern
lemniscate (7), a southern lemniscate (10), and a northern long arc (4). In all panels, ticks
are 10′′ apart; thus the quint is shown zoomed in. Each panel uses its own contour step,
chosen to best illustrate the image configuration, but the step is always a few months of light
travel time.
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Fig. 4.— Critical curves of the quint and a quad, in the ensemble average model. Qualita-
tively, these two panels resemble the middle panels of Fig. 1. But note the size difference
between the quint and the quad. Ticks are 10′′ apart.
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Fig. 5.— Surface density Σ(R) (top panels) and deprojected density ρ(r) (bottom panels)
for ACO 1703. The left column is for models with the quint, the right column for models
without the quint. The dark gray and light gray bands give 68% and 99% confidence intervals
respectively. The vertical dotted lines are the projected radii of the inner and outermost
image. The oblique line in the bottom panels shows r−1. With the quint included, the
inner profile is constrained to be quite close to ρ ∝ r−1. Without the quint, even ρ ∝ r−2 is
admissible. Notice also the ‘shelf’ in ρ(r) for r ∼ 100 kpc, which may indicate meso-structure
(see text).
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Fig. 6.— The bending angle α(R) for two simulated clusters (left and middle panels) and
a galaxy (right panel), out to ∼ 25% of the total mass. The three curves denote three
orthogonal projections of a simulation to produce a lens.
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Fig. 7.— Deflection angle α(R) of the circularly averaged profile (for sources at infinity)
against projected radius R. The upper panel come from a models with the quint included,
and the lower panel from models with the quint excluded. The points show α(R), with
90% uncertainties derived from the ensemble, against the projected radius R. The barcode-
like patterns show the R values of individual images. The oblique lines show the critical
deflection αcrit(R) for each source redshift; note how the quint stands out.
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Fig. 8.— Test of the Abel deprojection method for an extremely non-spherical system. The
upper panels show the density of an N -body system of two merging clusters projected along
three orthogonal axes. The middle panels show the density ρ(r) spherically averaged with
respect to the centroid of the more massive cluster (dotted curves), and the value recovered by
taking the circularly averaged projected density Σ(R) and then deprojecting (solid curves).
The lower panels are similar, except that Σ(R) has been truncated at 200 kpc to mimic the
strong lensing regime. The worst case is in the left column, when the two clusters are aligned
along the line of sight.
